The inhibitory effects of aqueous methanol extract of Cymbopogon nardus (L.) Rendle were determined on seedling growth of eight test plant species: alfalfa (Medicago sativa L.), cress (Lepidum sativum L.), lettuce (Lactuca sativa L.), rapeseed (Brassica napus L.), barnyard grass (Echinochloa crus-galli L.), Italian ryegrass (Lolium moltiflorum Lam.), jungle rice (Echinochloa colonum (L.) P. Beauv.) and timothy (Phleum pratense L.). The bioassay was conducted with four extract concentrations (0.01, 0.03, 0.1 and 0.3 g dry weight equivalent extract/mL). The extracts inhibited significantly shoot and root growth of four test plants such as cress, lettuce, rapeseed and Italian ryegrass at the concentration ≥ 0.03 g dry weight equivalent extract/mL. The inhibitions of shoots and roots increased with increasing extract concentrations. The concentrations required for 50% growth inhibition of all test plants ranged 0.007-0.090 g dry weight equivalent extract/mL. Roots of all test plants were more sensitive to the extract than their shoots. Lettuce was most sensitive, follows by cress and timothy. The results suggest that C. nardus may have allelopathic compounds and may be a candidate for isolation and identification of allelopathic compounds to develop an alternative weed management option.
Introduction
When weeds overwhelm in crops, there will be economic losses and low quality yields. Nowadays, weed management is characterized by the heavy use of synthetic herbicides. However, the use of synthetic herbicides may cause adverse effects on the environment, human health and the development of herbicide-resistant weed biotypes (Mosier et al., 1990; Owen & Zelaya, 2005; Hager & Refsell, 2008; Campbell et al., 2011; Bhadoria, 2011) . Therefore, it is necessary to develop alternative means for weed management strategies based on natural products.
Allelopathy refers to the influence of chemicals released from one plant on the growth and development of other plants by leaching, root exudation, volatilization and decomposition of plant material (Rice, 1974) . The importance of allelopathy in weed management and crop productivity has been recognized and various methods have been suggested to know the allelopathic activity (Colquhoun, 2006; Li et al., 2010; Bhadoria, 2011) .
Citronella (Cymbopogon nardus (L.) Rendle) is a perennial grass which belongs to Poaceae and distributed in tropical and subtropical areas of southeast Asia (Shasany et al., 2000; Nakahara et al., 2003) . This species is known for its pharmacological properties such as antimicrobial, antiinflammatory, antioxidant and mosquitocidal (Nurhanani & Othman, 2010; Silva et al., 2011; Kongkaew et al., 2011; Sritabutra et al., 2011; Istianto & Emilda, 2011; Simic et al., 2008) . Nakahara et al. (2003) reported that the main constituents of C. nardus are geraniol, trans-citral, cis-citral, geranyl acetate, cintronellal and citronellol. Citronellal and linalool among these are the most active compounds to inhibit the growth of fungi Aspergillus flavus, Penicillium adametzii and P. griseofulvum. Moreover, Zeng and Luo (1996) have reported that root exudates of C. citratus, Ageratum conyzoides and Bidens pilosa decreased the germination rate, root length and seedling height of radish, rice and cucumber seedlings. However, to date, no information is available on the allelopathic activity of C. nardus. Hence, the present study was focused on determining the inhibitory effects from the extract of C. nardus on seedling growth of monocot and dicotyledonous species for the purpose of alternative weed management.
Method

Plant Materials
The whole plants of Cymbopogon nardus (L.) Rendle were collected from Chiang Mai province, Thailand in July 2012. Plants were washed several times to get rid of soil particles, dried in oven at 70 ºC and ground into powder. Dry powder was then vacuum sealed in a plastic bag and kept at 4 ºC. Dicotyledonous species such as alfalfa (Medicago sativa L.), cress (Lepidum sativum L.), lettuce (Lactuca sativa L.) and rapeseed (Brassica napus L.) were chosen because of their known seedling growth behavior. Monocotyledonous grass species like barnyard grass (Echinochloa crus-galli L.), Italian ryegrass (Lolium moltiflorum Lam.), jungle rice (Echinochloa colonum (L.) P. Beauv.) and timothy (Phleum pratense L.) were chosen because there are common agricultural weeds.
Extraction
Plant powder (100 g) was extracted with 1 L of 70% (v/v) aqueous methanol for two days. The extract was then filtered through one layer of filter paper (No. 2; Toyo Ltd., Japan), using a vacuum pump. The residue was extracted again with 1 L of cold methanol for one day and filtrated. The two filtrates were combined and evaporated with a rotary evaporator at 40°C until it was completely dry. Crude extract of 100 g plant material was dissolved in 150 mL cold methanol.
Bioassay
The bioassay was conducted with four concentrations (0.01, 0.03, 0.1 and 0.3 g dry weight equivalent extract/mL). For preparing those concentrations, an aliquot of the extract (9, 27, 90 and 270 µL, respectively) was added to a sheet of filter paper (No. 2) in 28 mm Petri dish and evaporated the solvent in a draft chamber. Then, the filter paper was moistened with 0.6 mL of 0.05% (v/v) aqueous solution of polyoxyethylenesorbitan monolaurate (Tween 20; Nacalai, Kyoto, Japan), a surfactant which did not cause any toxic effects. Ten seeds of alfalfa, cress, lettuce, rapeseed or 10 germinated seeds of barnyard grass, Italian ryegrass, jungle rice or timothy were arranged on the filter paper in Petri dishes. For germination, barnyard grass, Italian ryegrass and jungle rice were soaked in distilled water in Petri dish (9 cm diameter) and allowed to germinate in the darkness at 25 ºC for 72 h and timothy were germinated in the darkness at 25 ºC for 96 h.
Control seeds were sown on the filter paper moistened with the aqueous solution of Tween 20 without the extract. The shoot and root lengths of those seedlings were measured at 48 h after incubation in the darkness at 25 ºC and the percentage length of seedlings was then determined by reference to the length of control seedlings.
The bioassay was repeated three times with 10 plants for each determination. The inhibition percentage was calculated using the equation as follow:
In addition, the concentrations required for 50% inhibition (I 50 ) of the test plant species in the assay were calculated from the regression equation of the concentration response curves.
Statistical Analysis
All experiments were triple replicated and repeat twice. The statistical data processing were analyzed by SPSS version 16.0 using one-way ANOVA. GraphPad Prism 5.04 was used to analyze the concentrations required for 50% inhibition.
Results
Effect of Aqueous Methanol Extract of Cymbopogon nardus on Shoot Growth
The inhibitory effects of the extract on shoot growth of eight test plants were shown in Figure 1 . The extract concentration of 0.1 g dry weight equivalent extract/mL completely inhibited shoot growth of lettuce seedlings (100%). The extracts inhibited shoot growth of timothy, rapeseed, Italian ryegrass, cress, alfalfa, jungle rice and barnyard grass by 98.75, 86.84, 84.33, 80.88, 78.28, 68 .71 and 59.70%, respectively. At the concentration of 0.3 g dry weight equivalent extract/mL, shoot growth of alfalfa, jungle rice, cress and barnyard grass was inhibited by 90.40, 87.41, 82.35 and 70.89% , and shoot growth of lettuce, timothy, rapeseed and Italian ryegrass were completely inhibited. The concentrations of the extract corresponded to the extract obtained from 0.01, 0.03, 0.1 and 0.3 g dry weight of C. nardus. Means ± SE from three independent experiments with 10 seedlings for each determination are shown. *P < 0.05, **P < 0.01, ***P < 0.001 (Student's t-test). The concentration required for 50% inhibition was showed in Table 1 . Lettuce shoots were the most sensitive to the extracts follow by cress and timothy. Barnyard grass shoots were less sensitive to the extracts.
Effect of Aqueous Methanol Extract of Cymbopogon nardus on Root Growth
At the extract concentration of 0.1 g dry weight equivalent extract/mL completely inhibited root growth of lettuce and timothy seedlings (100%), and root growth of jungle rice, barnyard grass, rapeseed, Italian ryegrass, cress and alfalfa was inhibited by 96.15, 93.97, 92.86, 91.04, 90 .57 and 82.72%, respectively ( Figure  1 ). At the concentration of 0.3 g dry weight equivalent extract/mL, root growth of Italian ryegrass, jungle rice, barnyard grass, rapeseed, cress and alfalfa were inhibited by 99.53, 98.25, 96.98, 96.87, 94.26 and 92 .65%, and root growth of lettuce and timothy were completely inhibited.
The concentration required for 50% inhibition was showed in Table 1 . Lettuce, rapeseed and timothy roots were the most sensitive to the extracts. In contrast, jungle rice roots were less sensitive to the extracts.
Discussion
Aqueous methanol extract of C. nardus had inhibitory effects on both monocotyledonous (barnyard grass, Italian ryegrass, jungle rice and timothy) and dicotyledonous plant species (alfalfa, cress, lettuce, and rapeseed). The extract exhibited significant inhibition of shoot and root growth of cress, lettuce, rapeseed and Italian ryegrass at the concentration ≥ 0.03 g dry weight equivalent extract/mL (P < 0.001) (Figure 1 ). In addition, eight test plants showed different sensitivity to different extracts and those inhibitions increased with increasing of extract concentrations, suggesting that inhibitory exhibitions were species specific and concentration dependent. The similar results were reported by Ma et al. (2011) that the concentration dependent effects of aqueous extracts from root of Stellera chamaejasme were found on shoot length, root length, number of lateral roots and dry weight of rapeseed, wheat and sesame seedlings. The allelopathic threshold concentration of plant extracts on test plant species have also been reported by Alagesaboopathi and Deivanai (2011); Aliloo et al. (2012); Fateh et al. (2012) ; Raoof and Siddiqui (2012) . Another reason of unequal susceptibility to different concentration was mentioned by Hassan et al. (2012) that this may be due to the differences in seed size and seed coat permeability which influence the uptake of allelopathic compounds.
In addition, the aqueous methanol extract of C. nardus showed inhibitory effects on root growth more than their shoot. The related results of root sensitivity to plant extracts have been demonstrated by Olofsdotter et al., (2002) ; Pukclai et al. (2010) ; Zhang and Fu (2010) ; Hussain and Reigosa (2011); Esmaeili et al. (2012) . This sensitive might because root is the first organ to contact and absorb the allelopathic compounds (Salam & Noguchi, 2005) . Furthermore, allelopathic compounds may affect root growth by inhibited or retarded germination rate, reduced root radicle or shoot coleoptiles, swelling or necrosis of root tips, discoloration, lack of root hairs, increased number of seminal roots and also reduced dry weight accumulation (Rice, 1974) .
The concentrations required for 50% growth inhibition of test plant species; lettuce was the most sensitive to the aqueous methanol extract, whereas barnyard grass was less sensitive. The studies of numerous researchers have indicated that dicotyledons were more sensitive to allelopathic compounds than monocotyledons (Barnes & Putnam, 1987; Kruse et al., 2000) .
All test plant seeds used in this study were sown in Petri dishes in which only the aqueous methanol extract of C. nardus was added. In addition, those seeds were incubated in the dark condition as describe in Materials and Methods. All seedlings were thus not influenced by light or any nutrient. Thus, inhibition on test plant species might be due to the allelopathic compounds in C. nardus extracts rather than competitive effects for nutrients and light.
In conclusion, the aqueous methanol extract of C. nardus exhibited the growth inhibitory effects on eight test plant species, particularly barnyard grass, Italian ryegrass, jungle rice and timothy which are the common weeds in crop fields. The resultant growth inhibitory effects may due to the allelopathic compounds of C. nardus. Further studies should be conducted on isolation and identification of allelopathic compounds in the extract of this species. The information obtained could be helpful for environmentally friendly herbicide to control weeds in sustainable way provided the present observation is further corroborated with the study of aqueous extracts of the plant species.
